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Original Article

Protective role of PI3-kinase/Akt/eNOS signaling in
mechanical stress through inhibition of p38 mitogen-
activated protein kinase in mouse lung

Xin-gi PENG""*, Mahendra DAMARLA?*, Jarrett SKIRBALL?, Stephanie NONAS®, Xiao-ying WANG’, Eugenia J HAN?, Emile
J HASAN?, Xuan CAQ?, Adel BOUEIZ?, Rachel DAMICO?, Rubin M TUDER?®, Alfred M SCIUTO?, Dana R ANDERSON?, Joe GN
GARCIA®, David A KASS®, Paul M HASSOUN?, Jun-tian ZHANG'-*

‘Division of Analytical Toxicology, US Army Medical Research Institute of Chemical Defense, Aberdeen Proving Ground, MD, USA; *Divi-
sion of Pulmonary & Critical Care Medicine, *Division of Cardiology, Department of Medicine, Johns Hopkins University School of Medi-
cine, Baltimore, MD, USA; *Division of Pulmonary Sciences and Critical Care Medicine, Department of Medicine, University of Colorado
Denver School of Medicine, Denver, CO, USA; *Oregon Health & Science University, Division of Pulmonary and Critical Care Medicine,
Portland, OR, USA; ®Department of Medicine, University of Chicago Pritzker School of Medicine, Chicago, IL, USA; "Department of Phar-
macology, Institute of Materia Medica, Chinese Academy of Medical Sciences, Beijing 100050, China

Aim: To test the hypothesis that PI3K/Akt/eNOS signaling has a protective role in a murine model of ventilation associated lung injury
(VALI) through down-regulation of p38 MAPK signaling.

Methods: Male C57BL/J6 (wild-type, WT) or eNOS knockout mice (eNOS™") were exposed to mechanical ventilation (MV) with low (LV;,
7 mL/kg) and high tidal volume (HV;, 20 mL/kg) for 0-4 h. A subset of WT mice was administered the specific inhibitors of PI3K (100
nmol/L Wortmannin [Wort], ip) or of p38 MAPK (SB203580, 2 mg/kg, ip) 1 h before MV. Cultured type Il alveolar epithelial cells C10
were exposed to 18% cyclic stretch for 2 h with or without 20 nmol/L Wort pretreatment. At the end of the experiment, the capillary
leakage in vivo was assessed by extravasation of Evans blue dye (EBD), wet/dry weight ratio and lung lavage protein concentration.
The lung tissue and cell lysate were also collected for protein and histological review.

Results: MV decreased PI3K/Akt phosphorylation and eNOS expression but increased phospho-p38 MAPK expression along with a
lung leakage of EBD. Inhibitions of phospho-Akt by Wort worsen the lung edema, whereas inhibition of p38 MAPK kinase restored acti-
vation of Akt together with alleviated capillary leakage. eNOS™" mice showed an exacerbated lung edema and injury. The stretched
C10 cells demonstrated that Wort diminished the activation of Akt, but potentiated phosphorylation of MAPK p38.

Conclusion: Our results indicate that PI-3K/Akt/eNOS pathway has significant protective effects in VALI by preventing capillary leakage,
and that there is a cross-talk between PI3K/Akt and p38 MAPK pathways in vascular barrier dysfunction resulting from VALI.

Keywords: mechanical stress; ventilator-associated lung injury; pulmonary capillary leakage; PI3K/Akt/eNOS; p38 MAPK signalings;
signals cross-talk; pulmonary edema; wortmannin

Acta Pharmacologica Sinica (2010) 31: 175-183; doi: 10.1038/aps.2009.190

Introduction that ventilation with high tidal volume (HV; MV) or pres-

Acute lung injury (ALI) is a complex syndrome marked by
increased vascular permeability resulting in tissue edema and
profound hypoxia™?. Mechanical ventilation (MV) is often a
necessary treatment for respiratory failure and a supportive
measure in critically ill patients. However, it is well known
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sure may be harmful, causing damage to previously healthy
lungs or worsening already injured ones. This is especially
the case for permeability whereby exacting mechanical stress
on various components of the respiratory system can lead to
ventilation associated lung injury (VALI). We performed the
study described herein in an effort to elucidate the underly-
ing mechanisms of VALI and investigate potential therapies
against VALL

Akt (protein kinase B), a multifunctional serine-threonine
protein kinase, is a major downstream signaling molecule
of phosphoinositide 3-kinase (PI3K). It is also an upstream
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enzyme of eNOS. Its activation has been implicated in various
endothelial functions, including cell survival, migration, and
activation of nitric oxide synthase™\. Studies in vitro have
shown that Akt can directly phosphorylate endothelial nitric
oxide (NO) synthase (eNOS) and activate the enzyme, lead-
ing to NO production'. Thus the PI3K/ Akt/eNOS signaling
pathway is critical for maintenance of endothelial vascular
tone, and integrity”®. We have previously demonstrated that
NOS signaling and p38 MAPK are significantly implicated
in the development of acute lung injury’® '*. Though the
PI3K/ Akt and MAPKSs, which include the ERK1/2, JNK, and
p38 MAPK subgroups, are probably the best-characterized
survival-related or death-associated signaling pathways!'"**!
respectively, their functional roles in the VALI, especially the
interplay between these two pathways, have not yet been elu-
cidated. The emerging evidence has triggered interest on the
crosstalk link between PI3K/ Akt and MAPKSs signaling"*".

The purpose of this study is to identify the protective role
of PI3K/ Akt/eNOS signaling in the context of the lung vas-
cular permeability in response to mechanical stress and to
ascertain if this protective effect occurs via p38 MAPK signal-
ing in murire HV; MV and cyclic stretch models. QOur results
indicate that the PI3K/Akt/eNOS pathway is involved in the
process of HV; MV with a change in phosphorylated forms
in intact lungs. Furthermore, genetic deletion of eNOS exac-
erbates vascular dysfunction as assessed by Evans Blue Dye
(EBD). Finally, the findings that pharmacologic antagonism of
PI3K with Wort potentiates phosphorylation of p38 MAPK in
response to cyclic stretch in C10 epithelial cells and that inhibi-
tion of p38 MAPK facilitates the activation of Akt, a survival
signaling protein, suggest interplay between the Akt and p38
MAPK pathways in vascular barrier dysfunction™.

Materials and methods

Materials

CMRL 1066 medium was purchased from Invitrogen (Carls-
bad, CA), and fetal bovine serum was obtained from Hyclone
(Logan, UT) and Invitrogen (Carlsbad, CA). Wortmannin was
obtained from Calbiochem (San Diego, CA). Phospho-specific
antibodies of PI3K, Akt, and eNOS as well as p38 MAP kinase
were obtained from Cell Signaling Technology (Beverly, MA).
$B203580 and other reagents used in this study were obtained
from Sigma (St Louis, MO).

Animal model of VILI and drug administration

Male C57BL/6] mice aged 10 weeks (23-25 g, Jackson Labora-
tory, Bar Harbor, ME) were studied in a pathogen-free facility
under a protocol approved by the johns Hopkins University
Department of Laboratory Animal Medicine. Anesthesia was
induced with sodium pentobarbital (50 mg/kg, ip). Animals
then underwent tracheotomy and intubation prior to exposure
to MV (Harvard Apparatus, Boston, MA) with room air for
0 (Control, Cont), 2, or 4 h with either 7 mL/kg or 20 mL/kg
tidal volume (LVy or HV;). The respiratory rate was set at
160 breaths per minute for all tidal volumes together with an
adjustment of the dead space to maintain arterial pH between
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7.35and 7.45. Airway pressures were continuously measured
and remained around 0-2 cm H,O. A 500-pL bolus of lactated
Ringer’s solution was given intravenously at the initiation of
MV to maintain adequate mean arterial blood pressure (about
80 Torr) during 4 h of ventilation. The adequacy of MV set-
tings on gas exchange was evaluated according to the mean
blood pressure (MBP) and the arterial blood gases obtained
via catheterization of a femoral artery. Rectal temperature
was maintained near 37 °C using a heating lamp and pad. At
the end of MV, the animals were administered an intraperito-
neal lethal dose of the anesthetic agent before the lungs were
harvested.

To assess the effect of MV on the signaling of PI3K/Akt/
eNOS and p38 MAPK, mice were treated with either a specific
inhibitor of p38 MAPK, SB203580 (2 mg/kg, ip), or a specific
inhibitor of PI3K, Wort (100 nmol/L, ip)**"), 1 h before expo-
sure to MV. SB203580 and Wort were dissolved in DMSO first
and then diluted further by saline. All doses, route of admin-
istration, and timing of delivery of pharmacological agents as
well as the solvent were based on known half-life of agents
and preliminary experiments that demonstrated efficacy!™®!.

Assessment of pulmonary capillary permeability

Acute changes in vascular permeability were evaluated by
using bronchoalveolar lavage (BAL) fluid albumin concentra-
tions and EBD assay in intact mice. Pulmonary edema forma-
tion was also assessed using lung wet-to-dry weight (W/D)
ratios. EBD (20 mg/kg) was injected into the external jugular
vein 60 min prior to termination of the experiment to deter-
mine vascular leak as previously described** *\. To determine
wet-to-dry lung weight ratio, as a separate measure of pul-
monary edema, briefly the left lung was excised and imme-
diately weighed on pre-tared dishes for determination of wet
lung weight. The samples were then dried in an oven (Fisher
Isotemp) of 60 °C for 7 d and weighed several times until the
weight became consistent®®],

Cyclic stretch (CS) and C10, epithelial cell culture

C10, a murine nonmalignant alveolar type Il-like epithelial
cell line, was cultured in CMRL 1066 medium supplemented
with 10% fetal bovine serum (FBS) and antibiotics. Cells were
seeded at standard densities (8x10° cells/ well) onto collagen
I-coated BioFlex plates, and once confluence was reached, the
plates were mounted onto the FX-4000T Flexercell Tension Plus
system (Flexercell International, McKeesport, PA) equipped
with a 25-mm BioFlex loading station. This system provides
uniform radial and circumferential strain across a membrane
surface along all radii. Cells were subjected to 18% elonga-
tion for the desired time at 25 cycles per minute. Cells grown
on BioFlex plates and simultaneously placed in a cell culture
incubator were considered as static controls. At the end of the
experiment, the cells were harvested for protein analysis.

SDS-PAGE and immuno-blotting analysis
Aliquots from cell lysates and tissue homogenates were
immunoblotted using native and phosphospecific antibodies



as previously described!”. The blots were then visualized with
the ECL Western Blot Detection Kit (Amersham, Piscataway,
NJ, USA).

Statistics

Data are shown as meantstandard deviation (SD), for each
experimental condition. Comparisons between groups were
performed using (-tests or one-way ANOVA with Bonferroni
correction. Analysis of variance for comparison of the differ-
ent groups was used with significance set at P<0.05.

Results

The signaling pathway of PI3K/Akt/eNOS in response to MV
Immunoblot analysis for phospho-specific (active) and total
isoforms of PI3K, Akt and eNOS was performed on lung tissue
homogenates obtained from wild type mice subjected to MV
with HV; for 0 (Control), 15, 30, 60, or 120 min. As demon-
strated in Figure 1A, MV at HV; induced a decrease in PI3K,
Akt and eNOS phosphorylation as early as 30 min after initia-
tion of MV. Figures 1B, 1C and 1D show the densitometry of
phospho-PI3K, phopho-Akt, and phospho-eNOS normalized
to total Akt. When we extended the experiment to 4 h HV;
MV, a consistent change of phosphor-Akt was observed (Fig-
ure 2),

eNOS signaling is required for maintaining the integrity of the
pulmonary vasculature

To define the role of eNOS in pulmonary permeability asso-
ciated with VALI, we obtained eNOS™”" mice from the same
strain background as its wild type and exposed both to MV for
up to 4 h at LV (7 mL/kg) or HVT (20 mL/kg) at 160 BPM.
Peak airway pressure was monitored continuously as detailed
in Methods. Pulmonary vascular leakage was assessed by the
extravasation of EBD into lung parenchyma. MV with LV,
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Figure 2. Down-regulation of phospho-Akt in response to mechanical

stress in a time-dependent fashion. (A) In a separate experiment of

4 h HV; MV, we observed that phospho-Akt at its serine residue 473

decreased most noticeably at 30 min and then gradually returned to

control level at 2 h. (B) shows the densitometry of phopho-Akt normalized

to total Akt. n=3-4 mice per condition, "P<0.05.

caused no change in extravasation of EBD in WT mice, but
caused a remarkable increase of EBD leakage in eNOS”" mice
lungs. HV; MV caused a 50% increase of EBD in WT mice
lungs and a further increase of about 100% in eNOS”~ mice
(Figure 3).

Wet/dry lung weight ratios, a separate measure of pulmo-
nary edema, showed that 4 h of LV; MV increased this ratio,
but not significantly. HV: MV caused more remarkable lung
water retention in eNOS”" mice than in WT mice (Figure 4).
No difference was observed between WT and eNOS™~ mice at
the control condition (results not shown).

Figure 1. The signaling pathway
of PI3K/Akt/eNQOS in response to
MV. C57BL/6J] mice were randomly
exposed to spontaneous breathing
(Control, Cont) or HV; (20 mL/kg) for
2 h. (A) Immunoblotting of WT mouse
lung homogenates shows a decrease in
PI3K, Akt, and eNOS phosphorylation
after initiation of HV; MV detected by
their active forms of antibody. (B),
(C), and (D) show the densitometry
of phospho-PI3K, phopho-AKT, and
phospho-eNOS normalized to total Akt.
n=3-4 mice per condition, *P<0.05
vs control. Note: the Figure 1A P-Akt
bands represented a combination of
the results came from several experi-
ments.
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Figure 3. eNOS defective mice are less tolerant than WT mice in response
to high amplitude mechanical stress featured with severe lung edema.
Pulmonary vascular leakage was assessed at 4 h by the extravasation
of evans blue dye(EBD) albumin in the lung parenchyma. MV with LV,
caused no change in EBD influx in C57BL/6J mouse lungs, but caused
a marked increase of EBD extravasation in eNOS™" mouse lungs. In
addition, HV,; MV caused a 100% increase of EBD in eNOS™" mouse
lung in comparison with a 50% increase of EBA in WT mice. n=4 mice/
experimental condition. °P<0.05 vs Control; *P<0.05 vs LV;; "P<0.05 vs
WT vent-exposed mice.
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Figure 4. Effects of eNOS deficiency on pulmonary vascular leakage
during mechanical ventilation. As a separate measure of pulmonary
edema, wet/dry lung weight ratios were determined at the end of 4 h HV;
MV. HV; MV caused an increase of the lung wet-dry weight ratio especially
in eNOS-deficient mice. n=4 mice/experimental condition. °P<0.05 vs LV,
exposed animals; *P<0.05 compared with WT mice exposed to HV; MV.

PI3K/Akt regulates the protective role of eNOS in reducing the
lung edema

To ascertain its upstream regulation of eNOS, we examined
the expression of phospho-Akt in WT and eNOS™~ mice
after MV stress. We found that phospho-Akt declined more
dramatically in eNOS™" mice in comparison with WT. In
addition, there was a lower level of phospho-Akt in eNOS™~
mice when exposed to LV (Figure 5). To further explore the
effect of this pathway on the vascular leakage associated with
HV; MV, we then administered the PI3K inhibitor Wortman-
nin (Wort, 100 nmol/L, ip) 1 h prior to HV; MV exposure.
At the end of the experiment, EBD assay was performed as
mentioned above. As shown in Figure 6, Wort pre-treatment
significantly worsened EBD lung accumulation in WT mice
triggered by 4 h HV; MV in comparison with the non-treated
group. The morphology of the lungs demonstrated a consis-
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Figure 5. Lower levels of phosph-Akt expression in eNOS™" mice
compared with WT mice after exposure to mechanical stress. We
specifically evaluated the level of phosphor-Akt, a survivor signal in
response to a variety of stresses, in our 4-h VALl model by immunoblotting.
(A) Consistent with our data above, decreased phopho-Akt was blunted
in WT mice at the end of 4 h HV; MV, while eNOS™~ mice showed a
significant further decrease of phosphorylated Akt in response to 4 h
HV; over the attenuated expression of phospho-Akt when exposed to LV;.
(B) Densitometry of phopho-Akt normalized to total Akt. n=3-4 mice per
condition. *P<0.05 vs LVy; *P<0.05 vs eNOS™" mice.
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Figure 6. Wortmannin (Wort) pretreatment aggravates the pulmonary
vascular leakage in WT mice induced by 4 h HV; MV. C57BL/6J mice
(WT) were pretreated with Wort (100 nmol/L, given intraperitoneally), a
selective PI3Kase inhibitor, 1 h prior to exposure to MV. Wort itself dose
not have effect on EBD assay (data not shown). Exposure of animals to
LV; on the other hand caused no changes in these values as compared
to controls (data not shown). However, Wort pretreatment significantly
enhanced EBD lung accumulation in C57BL/6J mice caused by 4 h HV;
MV. n=4-6 mice/experimental condition. "P<0.05 vs LV;; "P<0.05 vs HV,
MV.

tent finding with EBD assay that Wort treatment exacerbated
neutrophil infiltration and lung edema (Figures 7A, 7B). There
were no striking histologic changes in lungs of C57BL/6] mice
exposed to LV; as compared with control animals (results not
shown).

Cross-talk between p38 MAPK and PI3K/Akt/eNOS
Given the evidence of up-regulation of p38 MAPK contribut-
ing to VALI in our murine model""*, we sought to determine



A Neutrophil

Figure 7. The morphological review of the lungs after pretreatment with
Wort and mechanical ventilation. (A) Neutrophil immunostaining: the
presence of parenchymal neutrophil was assessed using specific anti-
neutrophil antibody. Exposure to 4 h HV; MV produced an increased
staining of neutrophils in the interstitium and alveolus in WT mice (c,
arrow) compared to LV, and Wort only (a and b). However, Wort — a
specific inhibitor of PI3K-pretreatment exacerbated this effect (d, arrow).
(B) Hematoxyline and eosin stain of lung tissue (*40): the presence of
neutrophil infiltration in WT mice lungs when exposed to HV; for 4 h is
similar as seen on the neutrophil immuno-staining but with occasional
alveolar hemorrhage (g, arrow) compared to LV; and Wort only (e and f);
Wort worsened the lung injury compared to that in animals ventilated
alone (h, arrow). There were no striking histological changes in lungs of
C57BL/6J mice exposed to LV; as compared with control animals (results
not shown).

the possible involvement of p38 MAPK in the pathway of
PI3K/Akt/eNOS. We found that pretreatment of WT mice
with SB203580 (2 mg/kg, ip) 1 h prior to HV; MV attenu-
ated lung capillary leakage as measured by the index of BAL
protein at the end of 2 h HV; MV (Figure 8). Recently, using
the index of wet/dry lung weight ratio and EBD, we dem-
onstrated that inhibition of the p38 MAP kinase pathway
with SB203580 reduces pulmonary capillary permeability in
response to high tidal volume mechanical ventilation™, More
strikingly, at 4 h we found that inhibition of p38 MAPK with
SB203580 treatment increased the activation of Akt in response
to HV; MV, possibly indicating interplay between these two
signaling pathways (Figure 9). To further confirm the overlap-
ping of these two signals, we observed the effect of the PI3K
inhibitor, 20 nmol/L Wort™), on the expression of phospho-
Akt and phospho-p38 MAPK on C10 alveolar epithelial cells
when exposed to 18% elongation of CS for 1-2 h. This data
demonstrated that pharmacologic antagonism of PI3K with
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Figure 8. Inhibition of p38 MAP kinase prevents protein leakage in
response to HV; MV. Mice were treated with the p38 MAP kinase inhibitor
SB203580 (2 mg/kg, ip) 1 h prior to exposure to 1-2 h HV, MV. The data
showed that the lung capillary leakage was attenuated by using the index
of BAL protein at the end of 2 h HV, MV. n=4. °P<0.05 vs LV;; °*P<0.05 vs
2 h HV; MV.
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Figure 9. The effect of SB203580(SB) on the activation of Akt in WT
mice exposed to 4 h mechanical ventilation. Western blotting on the
mice lung exposed to HV; MV for 4 h demonstrated that the inhibition of
p38 MAPK with SB203580 increased the activation of Akt (serine 473
phosphorylation), indicating interplay between these two signal pathways.
n=3-4 mice per condition. "P<0.05.

Wort diminished the activation of Akt, but potentiated phos-
phorylation of MAPK p38 in response to mechanical stress in
cultured epithelial cells (Figure 10).

Discussion

In this study, we demonstrated that eNOS signaling is required
for maintaining the integrity of the pulmonary vasculature in
response to mechanical stress, and that this effect is modulated
by its upstream pathway of PI3K/Akt. More importantly, we
provide evidence for the first time about the existence of cross-
talk of PI3K/Akt/eNOS and the p38 MAP kinase pathways in
a mechanical stretch model. We demonstrate that inhibition of
PI3-kinase/ Akt potentiates p38 MAPK activation, while inhi-
bition of p38 MAPK results in an increased phosphorylation of

Acta Pharmacologica Sinica
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Figure 10. The effect of PI3K inhibitor, 20 nmol/L Wort, on the expression
of phospho-Akt and phospho-p38 MAPK. Pharmacologic antagonism
of PI3K with Wort diminished the activation of Akt, but potentiated
phosphorylation of MAPK p38 in C10, type Il alveolar epithelial cells when
exposed to 18% cyclic stretch (CS) from 1-2 h. A) the representative
blotting; B and C) the densitometric ratio of phospho-p38/actin and
phospho-Akt/actin. n=3-4. °P<0.05 vs Vehicle; *P<0.05 vs static. Note:
the P-Akt bands represented a combination of the results came from
several experiments.

Akt, which regulates the protective effect of eNOS against the
pulmonary vascular edema associated with mechanical stress.
In summary, this work, coupled with results from prior stud-
ies, demonstrates that the protective role of PI3K/Akt/eNOS
signaling in mechanical stress is mediated in part via inhibi-
tion of p38 mitogen-activated protein kinase signaling.

The signaling pathway of PI3K/Akt/eNOS in response to MV

In this work, we investigated the role of PI3-kinase/Akt/
eNOS in ventilator-associated alveolar-capillary injury and
dysfunction in a murine model by using eNOS”~ mice together
with WT mice, and by using a pharmacological inhibitor of
PI3-kinase. We found in our previous study that total eNOS
signaling in intact mice lung decreased after animals were
exposed to HV; MVPL In the present VALI study we mea-
sured the active forms of PI3K/ Akt/eNOS. We found initially
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that not only the phospho-eNOS signal would decrease as
early as 15 min, but also that the phosphorylation of PI3 kinase
and Akt declined in the same time-dependent pattern after ini-
tiation of HVy MV up to 2 h in WT mice lungs. This indicated
that the PI3K/ Akt pathway is involved in this event (Figure
1). We then extended ventilating stress to 4 h. Immuno-
blotting showed the same trend of the decline in phospho-Akt
as seen during the first 2 h of HV+ MV. This change gradually
returned toward baseline at the end of 4 h HV; MV (Figure 2).
Given that the total Akt did not changed and all the signals
were detected on the same blotting, we quantified the expres-
sion of phosphorylated PI3K/ Akt/eNOS based on total Akt.

eNOS signaling is required for maintaining the integrity of the
pulmonary vasculature

We further explored the role of eNOS in the pulmonary
micro-vascular leakage. We found that genetic deletion of
eNOS reduced the tolerance of the pulmonary endothelium
to mechanical stress. MV with LV; caused no change of
extravasation of EBD in wild type mice, but caused remark-
able increase of EBD leakage in eNOS”~ mice lungs. HV MV
caused a 50% increase of EBD influx in the WT mice lungs and
a further increase of about 100% in EBD lung accumulation in
eNOS™~ mice (Figure 3). This result was consistent with our
previously published work that a declined expression of eNOS
protein was associated with VALI in C57BL/6] mice, and that
an increased eNOS activity was correlated with the tolerance
of iNOS deficient mice to ventilator-induced pulmonary capil-
lary leakage'. This finding was also in agreement with the
work of Takenaka et al, in which overexpressed eNOS in the
lung could reduce VALIP* .

We also observed wet/dry lung weight ratios as a separate
measure of pulmonary edema to confirm the effect of eNOS
influencing vascular barrier function. As shown in Figure 4,
HV; MYV for 4 h caused more profound lung edema in eNOS™"
mice than in WT mice. According to our data, the enhanced
pulmonary permeability in response to mechanical stress can
be explained in part by defects in eNOS signaling, a finding
similar to that of a previous report in which eNOS or Aktl
deficient mice exhibited impaired blood flow recovery and
neovascularization following arterial occlusion™ and a sup-
pressed VEGF-induced angiogenesis and vascular permeabil-
ity!”. Chen et al also showed that impaired vascular matura-
tion due to loss of the gene of Aktl (Aktl”") in mice may be
attributed to reduced activation of endothelial nitric oxide
synthase (eNOS)",

Lungs from eNOS-deficient animals showed less change
in the index of wet/dry weight ratio compared to wild-type
(WT) controls than would be expected based on the Evans
blue dye assay (EBD). Pharmacokinetic analysis demonstrated
that 87% of the decline in intravascular Evans blue during the
first 3 h after administration was a result of transvascular flux
to tissue compartments. Thus, the initial accrual of Evans blue
in the lung and heart may be used as a marker of transcapil-
lary macromolecular flux in those tissues'™!.

EBD mainly measures the condition of capillary permeabil-
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ity detected by albumin leaking from vasculature to the inter-
stitial compartment. The initial decline in intravascular con-
tent of EBD corresponds to the intercompartmental clearance
and to transcapillary macromolecular flux. While the wet/dry
lung weight ratios measure whole lung water accumulation,
this includes the three fluid compartments (vascular, intersti-
tial and alveolar). The measurement not only reflects vascular
and pulmonary permeability, but also the hydraulic pressure
of the capillaries and fluid clearance of the airways.

The differences observed between the wet/dry ratio and
EBD indicate that the wet/dry weight ratio is not as sensitive
as the EBD assay for the evaluation of vasculature leakage.
This may be due to a number of factors. First, it is likely that
mechanical stretch may have non-uniform effects on protein
permeability, hydraulic conductivity and fluid clearance®').
Also, many studies showed that hydraulic conductivity
increased without changes in protein permeability™. Further-
more, it is possible that water flux across the vascular barrier
is increased with eNOS deficiency, but that edema clearance
mechanisms are unaltered or in a compensatory condition,
thus attenuating any differences in lung wet/dry weight
between knockout and WT animals. These three factors may
blunt the change of vascular permeability caused by mechani-
cal stress, especially at the condition of LVy MV. We did not
show the data for the spontaneously breathing in the animals
because we repeatedly demonstrated in our preliminary
experiments and published works that there is no difference
between the control and LV;MV.

There is now compelling evidence supporting that endothe-
lial NO is a barrier-tightening factor in modulating thrombin,
cytokine and H,O:-induced endothelial permeability™ >,
Electron microscopic analyses revealed an intercellular junc-
tion opening in lung microvasculature in eNOS”~ mice™. In
eNOS transgenic mice there is a remarkable resistance to ven-
tilator-induced lung injury and to bacterial lipopolysaccharide
induced septic shock (with attenuated hypotension, pulmo-
nary leukocyte infiltration and lung water content), as well as
an enhanced survival rate over control micel®®\. Therefore,
eNOS-derived nitric oxide is believed to be a determinant of
endothelial junctional integrity, and eNOS will be a beneficial
signaling protein protecting the vessel from leakage.

PI3K/Akt regulates the protective role of eNOS in reducing the
lung edema

Recent studies indicated that Aktl deficiency, the predomi-
nant isoform of Akt, could cause an immature development of
the vasculature that is prone to leak!” ™. In the vessel wall, the
loss of Aktl increases inflammatory mediators and reduces
eNOS phosphorylation, suggesting that Aktl exerts vascular
protection against atherogenesis, in part, through the action of
eNOS!',

Considering the link between PI3K/Akt and eNOS, eNOS
signaling is necessary for maintaining the integrity of the lung
vasculature after exposure to mechanical ventilation. Given
that PI3K/ Akt in vivo roles and the interactions with other
signaling are not yet explicitly defined, we investigated the

expression of phospho-Akt on the lungs of both eNOS™~ and
WT mice after 4 h HVy MV. As shown in Figure 5, there was
a lower level of phosphorylated-Akt detected at the residue of
serine 473 respond to both LV; and HV; MV in eNOS™" mice
compared to WT mice. This may suggest a mechanism related
to a vulnerability of eNOS™~ mice in response to mechanical
stress. In addition, these data may suggest a possible feedback
role of eNOS deficiency on Akt activation.

Chen and colleagues reported a modest decrease in the basal
levels of active eNOS in endothelial cells isolated from Akt1”"
mice when compared to wild-type mice'”. Interestingly, our
experimental data demonstrated that deletion of the eNOS
gene could decrease the activation of Akt both at the physi-
ological condition and when the animal responds to high tidal
volume mechanical stretch.

The direct role of Akt in the maintenance of vascular per-
meability was further supported by our observation that pre-
treatment with Wort, a pharmacological inhibitor of PI3K,
significantly worsened EBD lung accumulation in WT mice
induced by 4 h HV; MV (Figure 6). In addition, H&E stain-
ing and neutrophil immunostaining in the lungs showed an
enhanced interstitial and alveolar infiltration of neutrophils
in WT mice pretreated with Wort and exposed to 4 h HV;
MYV compared with vehicle (Figures 7A, 7B). These findings
indicate that phospho-Akt plays an essential role in modulat-
ing eNOS-regulated vascular permeability and suggest an
upstream regulatory role of PI3K/ Akt on eNOS in our model.

Cross-talk between p38 MAPK and PI3K/Akt/eNOS

In recent years, the emerging evidence has triggered the
interests on the crosstalk between PI3K/Akt and MAPKs
signalings"® '** ¥l The important reason for elucidating
the interplay of the PI3K/Akt and p38 MAPK pathways is
that the former pathway is the best-characterized survival-
related system and the latter is a death-associated signaling
pathway. Many studies have suggested a close relationship
between NOS/NO expression and p38 phosphorylation!"”-** ¥\,
Data from our study shows that inhibition of p38 MAPK by
SB203580 increased the activation of Akt in response to HV;
MYV and decreased the lung edema. Our recently published
work demonstrated that inhibition of the p38 MAP kinase
pathway prevents EBD extravasations and water retention in
mice lungs in response to high tidal volume mechanical vent-
lation'™. Thus, in this study, we mainly focused on the signal-
ing pathway PI3K/ Akt /eNOS using Wort on EBD and wet/
dry ratio observations instead of inhibition of both pathways.
Furthermore, given the awareness that phosphorylation of
Akt triggered by HV; MV has resolved by 4 h ventilation and
the evidence of the severe lung edema and injury at this time
point, we observed the interaction between the two signals
by applying the PI3K inhibitor, Wort, to evaluate p38 MAPK
change. The PI3K inhibitor, Wort, potentiated phosphoryla-
tion of p38 MAPK in response to mechanical stretch, suggest-
ing a possible mechanism of modulation between parallel sig-
naling pathways at this time point!*”. Based on the results we
published before that the peak of phosphorylated P38 MAPK

Acta Pharmacologica Sinica



www.nature.com/aps
Peng XQ et al

expression is around 60 min before it returns back during the
2 h HV;MV and the lung injuries were seen at either2hor4 h
HV; MV, we believe that the suppressed protective pathway
of PI3K/ Akt/eNOS in the 4 h HV; MV was mediated by up-
regulation of p38 MAPK. Thus, maintaining a normal level of
PI3K/ Akt/eNOS may negate the p38 MAPK role attributed to
VALL

Our results are in agreement with the report that PI3-
kinase/ Akt signaling promotes endothelial cell survival by
inhibiting p38 MAPK-dependent apoptosis, because Akt may
cause MEKK3 phosphorylation, an upstream regulator of
p38 MAPK. The phosphorylated form of MEKK3 decreases
MEKK3 kinase activity leading to down-regulation of
MKK3/6and p38 MAPK activation'),

Therefore, we conclude that protection of capillary leakage
was associated with activation of Akt and attenuation of p38
MAPK expression. In addition, eNOS deficient mice were
prone to HV; MV-mediated injury. The crosstalk between the
two signaling pathways shown above may govern the differ-
ential effects of PI3K/Akt/eNOS and p38 MAPK on vascular
barrier function in our experimental setting. The finding that
PI3K/ Akt/eNOS has a critical role in maintaining the integrity
of vasculature through inhibition of p38 MAPK deepens our
insight and has potential therapeutic implications.
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